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Abstract 
We report on the precise integration of nm-scale topological insulator Josephson junctions into mm-
scale superconducting quantum circuits via selective area epitaxy and local stencil lithography. By 
studying dielectric losses of superconducting microwave resonators fabricated on top of our selective 
area growth mask, we verify the compatibility of this in situ technique with microwave applications. We 
probe the microwave response of on-chip microwave cavities coupled to topological insulator-shunted 
superconducting qubit devices and observe a power dependence that indicates nonlinear qubit 
behaviour. Our method enables integration of complex networks of topological insulator nanostructures 
into superconducting circuits, paving the way for both novel voltage-controlled Josephson and 
topological qubits. 
Introduction 
Superconducting quantum circuits are a leading technology in the race to build a universal quantum 
computer.1 However, realizing fault-tolerant processors would require thousands to millions of error-
corrected qubits with improved performance and remains a formidable challenge.2 At the forefront of 
this effort to improve superconducting qubits are novel voltage-controlled Josephson junctions (JJs) 
based on superconductor-semiconductor (super/semi) hybrids.3 Voltage control introduces tuneability 
while avoiding onerous crosstalk compensation and the cryogenic overhead associated with milliampere 
currents in flux-bias lines. III-V semiconductor nanowire4, 5 and two dimensional electron gas (2DEG)-
based6 gatemons as well as tuneable couplers7 demonstrate the viability of this approach, but a material 
platform that combines pristine superconductor-semiconductor interfaces, a low-loss host substrate, and 
deterministic patterning is so far lacking. Attractive candidates are V-VI tetradymite topological 
insulators (TIs) selectively grown by molecular beam epitaxy on silicon.8, 9 While offering a compatible 
and scalable platform for established super/semi hybrid qubits, these materials are also promising 
candidates for novel topological quantum computing schemes based on the non-Abelian exchange 
statistics of Majorana zero modes which might enable qubits with significantly lower error rates.10, 11, 12, 
13, 14 Over the past decade, various signatures of Majorana zero modes and Majorana bound states in TIs 
have been proposed theoretically15, 16 and subsequently demonstrated experimentally9, 17, 18, 19, 20 but their 
integration into superconducting quantum circuits has not been addressed so far. Exploiting these 
materials with a large helical gap21, 22 for transmon qubits not only promises a suitable platform for 
superconductor-semiconductor qubits but also establishes an intermediate step towards topological 
quantum computing schemes. 
Though tetradymite topological insulators hold promise for an intrinsic protection against decoherence, 
their sensitivity to air and wet chemical processing has hampered the formation of clean super-
conductor/semiconductor interfaces and reproduceable devices after lithographic processing.23, 24, 25 We 
 
Figure 1) Selective area epitaxy and in situ local stencil lithography fabrication process to integrate TI 
Josephson junctions into superconducting quantum circuits. a) A mask of SiO2 (light grey)/ Si3N4 (dark grey) 
is prepared on a Si(111) (red) substrate and trenches for selective area growth are etched. A sacrificial SiO2 
(light grey) layer and a Si3N4 (dark grey) stencil mask layer is prepared and structured. After dry etching of 
the Si3N4 mask, the exposed SiO2 is etched isotropically with hydrofluoric acid such that the stencil mask is 
suspended and only rests on four SiO2 pillars. Subsequently, TI (green) is selectively grown under rotation 
via MBE followed by a deposition of Nb (yellow) without rotation. The shadow of the bridge defines the 
uncovered section of TI, forming the Josephson junction, while the rest of the chip is covered with a Nb film. 
Finally, the device surface is passivated by Al2O3 (blue) and can be taken to ambient conditions. b-d) False 
colour scanning electron micrographs of a suspended stencil mask above a trench for selective area epitaxy 
(b) followed by selective area epitaxy of TI (c) and Nb + Al2O3 deposition (d). Images in (c) are taken under 
an angle to show selective area growth under the stencil mask. The close-up in d) is taken under a different 
angle (indicated by the orange arrow) in order to show the Josephson junction. 
recently developed a fabrication process that enables selective growth of TI nanostructures and 
subsequent deposition of superconducting electrodes without breaking ultra-high vacuum (UHV) 
conditions, however, microwave losses in the large area SiO2/Si3N4 on-chip stencil and selective area 
growth masks could be problematic for the integration of TI JJs into superconducting microwave circuits 
based on circuit quantum electrodynamics (cQED).9, 26 In this work, we investigate the compatibility of 
the selective area growth mask with microwave applications and mitigate the expected losses of the 
stencil mask by applying local stencil lithography. This technique allows deterministic patterning of 
hybrid structures at the nm-scale in situ while at the same time enabling fabrication of mm-sized 
superconducting circuits without stencil residuals. We showcase the process by fabricating multi-qubit 
circuits comprising transmons shunted with (Bi,Sb)2Te3 Josephson junctions, proving that UHV-
fabricated hybrid devices are reliable enough for sophisticated cQED architectures.  
Results 
Scalable integration of S-TI-S junctions into transmon qubits 
Fig. 1 illustrates our process for the growth of nm-
sized (Bi,Sb)2Te3 nanoribbons and their in situ 
niobium (Nb) metallization forming Josephson 
junctions which allow for their integration into 
superconducting circuits. A selective area growth 
mask of 5 nm SiO2 and 12 nm Si3N4 is prepared on 
a highly resistive Si(111) substrate (> 2000 Ωcm). 
Using electron beam lithography and reactive ion 
etching, four separated nanotrenches are etched 
into the Si3N4 which define the position and the 
shape of the TI (shown for one trench in Fig. 1a). 
A stencil mask of SiO2 and Si3N4 is deposited and 
patterned locally over the nanotrenches prior to 
growth. By etching the sacrificial layer of SiO2 
isotropically with hydrofluoric acid, the Si3N4 
stencil mask over the trench is almost completely 
suspended and rests only on four small SiO2 pillars 
(Fig 1b). Nanoribbons of (Bi0.06Sb0.94)2Te3 are 
grown via molecular beam epitaxy (MBE) 
selectively in the nanotrenches with substrate 
rotation ensuring continuous TI growth under the 
stencil mask (Fig 1c). Without breaking the 
vacuum, 50 nm Nb is deposited without rotation 
and the sample surface is covered except the small 
area shadowed by the stencil mask (Fig. 1d). In 
this way, both ends of the nanoribbon are 
contacted with Nb leaving a narrow gap of bare TI 
that forms a Josephson junction. Finally, a 
stoichiometric 5 nm aluminum oxide (Al2O3) 
passivation layer is deposited under rotation. This 
layer protects the TI surface in the weak link area 
thus the sample can subsequently be taken to 
ambient conditions.  
 
Figure 2) Definition of superconducting circuitry. 
a)-c) False colour scanning electron micrographs of 
a fully fabricated device. A microwave transmission 
line (pink), microwave cavities (blue), 
superconducting islands (yellow) as well as gate 
lines (orange) are etched out of the in situ deposited 
Nb film. The rest of this Nb film serves as 
superconducting ground plane (grey). Since the 
local stencil mask was removed by the etching, the 
TI (green) junction can be observed in the scanning 
electron microscope. d) Schematic circuit for control 
and readout of the qubits (details of the measurement 
setups are shown in Supplementary Fig. S1). 
After in situ fabrication of the Josephson junction array, the microwave circuitry is defined in the Nb 
film via electron beam lithography and etched with reactive ion etching. In the same step, the stencil 
mask is removed by additionally opening the resist mask at the position of the SiO2 pillars, which are 
well separated from the junction area, and hence etching its anchoring points. This combined process 
allows for the integration of TI nanostructures into an arbitrary superconducting circuit. It should be 
emphasized that due to selective area growth the TI nanoribbons of all qubits are oriented in the same 
direction which is crucial for Majorana-related applications as half magnetic flux quanta would need to 
be applied equally to all ribbons.27, 28 Scanning electron micrographs of a four qubit chip with cQED 
readout circuitry can be seen in Fig. 2a-c. The equivalent circuit for one qubit is shown in Fig. 2d. 
In these devices, the TI (green, Fig. 2b-c) is used to shunt the T-shaped island capacitor (yellow, Fig. 
2a-c). This Josephson junction placed in parallel with the capacitive island creates a nonlinear 
anharmonic oscillator whose lowest energies states |0⟩ and |1⟩ form the qubit basis. Quarter wavelength 
(𝜆 4ൗ ) co-planar waveguide cavities (blue, Fig. 2a) with distinguishable frequencies in the range of  
𝑓௥  = 7.1 - 7.3 GHz are capacitively coupled to the qubits for readout. Similar hybrid transmon qubits 
have been realized with weak links made from III-V semiconducting nanowires4, 5, 2DEGs6 or 
graphene29, 30, 31. In the transmon limit 𝐸௃ ≫ 𝐸஼, the qubit frequency is given by 𝐸଴ଵ = ℎ𝑓଴ଵ ≈
ඥ8 𝐸௃(𝐼௖) 𝐸஼  , where 𝐸௃ is the Josephson energy and 𝐸஼ the charging energy. The devices are designed 
such that 𝐸஼ ℎൗ ≈  240 MHz and 𝐸௃ is varied by the fabrication of nanoribbons with different lengths L 
and width W. Side-gates (orange, Fig. 2a-c) will allow fine-tuning of 𝐸௃ by electrostatic control5 in future 
studies. 
Investigation of SAG mask losses 
While the local approach of the stencil lithography mitigates possible dielectric losses in the stencil 
mask, the superconducting circuit of these devices is patterned on top of the global selective area growth 
Si3N4/SiO2 mask. In order to check the compatibility of this mask with microwave applications, we 
fabricated niobium lumped element resonators capacitively coupled to a feedline on samples with SAG 
mask (20 nm Si3N4/5 nm SiO2) and an Al2O3 capping layer (see insets in Fig. 3) for testing. As shown 
in Fig. 3, we investigated dielectric losses introduced by these layers in microwave transmission 
Figure 3) Power dependent measurements on test resonators verifying that the SAG mask is compatible with 
high quality qubits. a) Measurement of the microwave transmission magnitude (S21) of a lumped element 
resonator taken at 〈𝑛〉  ≈ 90 using a vector network analyser. A fit (red) is used to extract the internal quality 
factors. Inset shows a microscope image of the resonator. b) Internal quality factor of two resonators as a 
function of average photon number 〈𝑛〉 in the resonator. This is fit to a model of TLS induced losses. Inset is a 
SEM micrograph showing a cross sectional view of the device including trenching of the Si substrate. 
measurements at the base temperature of a dilution refrigerator (similar setup as Supplementary Fig. 
S1a). The resonators show an average single-photon internal quality factor of (6.6 ± 0.3) x 10ସ (as 
determined using a robust and traceable fit routine32) implying that these resonators would allow for 
potential energy relaxation times on the order of  𝑇ଵ =
𝑄
2𝜋𝑓ൗ ≈ 2 µs for a transmon limited by substrate 
two-level system (TLS) losses. Such parasitic TLS are interacting with qubits and have been identified 
as a loss mechanism limiting coherence times for many superconducting qubits.33 Fitting the power 
dependent internal quality factor of the test resonators at mK to widely used models of losses from TLS34 
allows us to extract the loss tangent of the resonators due to TLS and compare this to state-of-the-art 
resonators used in long coherence-time qubit chips (see Supplementary for details).35 We find the 
average value of 𝐹𝑡𝑎𝑛(𝛿்௅ௌ଴ ) ≈ 1.1 𝑥 10ିହ which is only one order of magnitude worse than mature 
technologies of Al resonators on high resistive silicon35. This is promising for developments based on 
our SAG technology as T1 limited transmons have been demonstrated in state-of-the-art experiments. 
Spectroscopy of TI transmons 
At the base temperature of the dilution refrigerator (see Supplementary Fig. S1 for details), the 
transmission of a single microwave tone 𝑓஼ (cavity drive tone) through the feedline of a TI transmon 
chip was measured using a vector network analyzer (Fig. 2d). The results of six qubits measured on two 
devices are summarized in Fig. 4. A typical plot of the output measured as a function of drive power 
and frequency is shown in Fig. 4a. At high power, a sharp drop in transmission reveals the presence of 
the cavity with resonant frequency 𝑓௥. At low power levels, we observe a dispersive shift of the 
resonance frequency to 𝑓ሚ௥. This is a hallmark of strong qubit-cavity coupling and a hybridized energy 
level structure as photons coherently transfer between the cavity and the qubit. The fact that 𝑓ሚ௥ > 𝑓௥ 
indicates that the qubit frequency is below the cavity frequency 𝑓௥. At high drive power, the 
measurement tone saturates the qubit and the bare cavity frequency is restored. This low-power shift of 
the cavity frequency is defined by 𝑓ሚ௥ − 𝑓௥ = 𝜒 =  
𝑔௖௔௩ଶ
Δൗ , where 𝑔௖௔௩ is the qubit-cavity coupling 
strength and Δ is the difference between the qubit and the cavity energies. We estimate the former to 
𝑔௖௔௩
2𝜋ൗ ≈ 90 MHz by electrostatic simulations assuming a qubit frequency of 𝑓଴ଵ = 6 GHz.
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Figure 4) Dispersive shift on resonators coupled to TI transmon (TI-mon) devices. a) Power dependent push 
of a qubit on a resonator of ~ 7.3 MHz. b) Josephson energies of six qubits from two different chips with 
respect to their Josephson junction geometries, all in the transmon regime (indicated in green). The energies 
have been extracted from the power dependent push on the respective resonator. The ballistic superconducting 
coherence length (𝜉 = 110 𝑛𝑚) deduced in previously published data9 on similarly fabricated Nb-
(Bi0.06Sb0.94)2Te3-Nb Josephson junctions has been used and these data are shown as comparison (blue).  
To verify this, we use measurements of the low-power cavity push (Fig. 4a) and preliminary two-tone 
spectroscopy (see Supplementary Fig. S2a) to determine the qubit-cavity coupling strength to 
𝑔௖௔௩
2𝜋ൗ ≈ 93 MHz at a qubit frequency of 𝑓଴ଵ ≈ 5.94 GHz which fits well to the simulation. Low-
power cavity pushes have also been observed on five similar devices. By assuming a fixed 𝑔௖௔௩ 2𝜋ൗ ≈
(93 ± 9.3) MHz for all qubits, the cavity push provides a measurement of the Josephson energy 𝐸௃ of 
the Josephson junction in each transmon. A summary of 𝐸௃ as a function of the Josephson junction 
dimensions, which were in the range of L ≈ 90 − 150 nm and W ≈ 110 − 140 nm, are displayed in 
Fig. 4b. Compared to previously published work on wide in situ fabricated Nb-(Bi0.06Sb0.94)2Te3 thin film 
Josephson junctions, we managed to tune 𝐸௃ over almost two orders of magnitude into the transmon 
regime by adjusting the geometries of the Josephson junctions.9  
Our device fabrication via selective area growth and local stencil lithography allows thus for designing 
Josephson energies reliably on a cQED compatible substrate enabling subsequent studies on qubit 
control. As the search for superconductors with an epitaxial, highly transparent interface to tetradymide 
TIs is subject to recent efforts37, 38, it should be emphasized that this technique is not limited to niobium 
but could also be used for other superconductors. Like already proposed for InAs nanowire transmon 
devices4, a transparent superconductor/semiconductor interface and a hard superconducting gap is 
suspected to play an important role for super/semi qubits. Thus, a thorough analysis of the induced 
superconducting gap in TI nanoribbons would promise a route to establish coherent qubit control in 
future work. 
In conclusion, we demonstrated the compatibility of ultra-high vacuum fabrication of TI – 
superconductor Josephson junctions with cQED applications in this work by fabricating topological 
insulator-shunted superconducting qubits via selective area growth and local stencil lithography. This 
proof-of-concept work confirms the presented technique as a variable and scalable approach to integrate 
TIs into superconducting circuits which could be used to explore novel TI based superconducting qubits, 
such as gatemons, Majorana transmons28 or top transmons39. Furthermore, it paves the way for read out 
of topological qubits in TI - superconductor networks9. 
Methods 
Device fabrication 
For the fabrication of the selective area growth mask, a 4’’ Si(111) wafer (> 2000 Ωcm) was thermally oxidized 
in a Tempress oxidation furnace for 5 nm of SiO2 prior to deposition of 12 nm/20 nm of Si3N4 via LPCVD. The 
stencil mask was fabricated by deposition of 300 nm SiO2 and 100 nm Si3N4 via LPCVD. Prior to growth, the 
sample was cleaned in piranha (H2SO4 + H2O2) and the SiO2 was isotropically etched using hydrofluoric acid (1%) 
which released the local stencil mask and passivated the dangling bonds of the Si(111) substrate in the SAG trench. 
This hydrogen passivation was removed by heating the substrate in an MBE chamber to Tsub = 700°C prior to 
growth. Following the recipe of Kellner et al.40, a thin film of ~20 nm (Bi0.06Sb0.94)2Te3 was selectively grown into 
the nanotrenches at Tsub = 355°C. During this deposition the sample has been rotated (10/min). The MBE cells in 
this chamber are mounted at a polar angle of 32.5° allowing for a continuous TI growth under the stencil mask. 
For metal deposition, the samples were transferred to another MBE chamber using a portable vacuum chamber 
keeping the minimum pressure below 10-8 mbar. Using an electron beam evaporator, a film of 50 nm niobium (Nb) 
has been deposited at a rate of 1Å/s. For this deposition, the sample was aligned such that the nanoribbon was 
perpendicular to the impinging flux. As the stencil mask was wider than designed (due to the sensitivity of a 
negative EBL process), narrower junctions were realized by continuously moving the sample between +/- 7° 
around this position during the Nb deposition, narrowing the junction length effectively by ~60 nm to its planned 
geometry. The capping layer of 5 nm Al2O3 has been deposited under sample rotation (10/min) using an electron 
beam evaporator and a stoichiometric Al2O3 target. For TI-mon chip 1, metallic shorts (owing to resist problems 
during the microwave circuit etching) have been manually removed via focused ion beam (FIB). Except for the 
LPCVD depositions and MBE steps, all fabrication processes were performed at the Helmholtz Nano Facility 
(HNF)41. 
Experimental set-up 
All measurements were performed in cryogen-free dilution refrigerators with a base temperature of T < 50 mK. 
Details of the attenuation, isolation and amplification are shown in Fig. S1. 
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Supplementary information: 
Spectroscopy measurement setups 
We used two different cryogen-free dilution refrigerator configurations to collect data for spectroscopy 
of TI-mons. Both setups were equipped with two coaxial lines for the measurements. The signal lines 
(red) are heavily attenuated and the read-out lines (blue) are shielded by isolators/circulators which 
forward the signal while suppressing noise to the sample. The signals were amplified at cryogenic 
temperatures and also further at room temperature. The measurements of low-power cavity pushes 
shown in main text Fig. 4 were performed for TI-mon chip 1 (TI-mon chip 2) in the setup shown in Fig. 
S1a (S1b). For the two-tone spectroscopy shown in Fig. S2 we used the setup in Fig. S1a. 
 
 
Power dependence of the TLS loss 
In order to determine the TLS losses on our resonators we analyzed our power-dependent internal quality 
factor data in the framework of the standard tunneling model (STM).34, 35 At strong microwave fields 
〈𝑛〉  ≫  𝑛௖, where 𝑛௖ is the critical photon number for the saturation of TLS, it is described by the 
following power law:  
1
𝑄௜ൗ =  
𝐹 𝑡𝑎𝑛(𝛿்௅ௌ଴ )
(1 +  〈𝑛〉 𝑛௖ൗ )
ఈ
+ 1 𝑄௜,଴ൗ  (S1) 
In this model, power-independent losses are covered by 𝑄௜,଴ିଵ and the exponent 𝛼 describes the strength 
of the power saturation of the Q-factor. An 𝛼 < 0.5 is an indication of TLS interactions (with 𝛼 = 0.5 
being the result of the non-interacting STM). For our resonators, we found the power-independent 
contribution to the total loss rate 𝑄௜,଴ିଵ ≈ 4.7 × 10ି଺ and  𝛼 ≈ 0.24. The TLS loss tangent 𝐹𝑡𝑎𝑛(𝛿்௅ௌ଴ ) 
is found from the fit to eq. S1. 
 
Figure S1: Cryogenic setups used for measurements with different attenuation, isolation and amplification on 
the signal line (red) and read-out line (blue). 
Two-tone spectroscopy 
As shown in Fig. S2, we performed two-tone spectroscopy for one qubit of TI-mon chip 1 by fixing the 
cavity readout tone 𝑓஼ whilst varying the power and frequency of an additional qubit drive tone 𝑓௤. This 
drive tone is expected to excite the qubit into a mixed state causing a qubit state-dependent push on the 
shifted cavity frequency 𝑓௥෩ . At low power in Fig. S2a, we observe a feature which we attribute to the 
|0⟩ → |1⟩ transition and establish a qubit frequency of 𝑓଴ଵ  ≈  5.94 GHz. As a result of stimulated 
relaxation due to the microwave tone 𝑓௤, the spectroscopic peak is broadened with increasing power. At 
low power, the linewidth 𝛾ିଷଶௗ  can be used to estimate the coherence time to 𝑇ଶ∗ =  1 2𝜋𝛾଴ൗ  ≥
 1 2𝜋𝛾ିଷଶௗ஻௠ൗ ≈ 9 ns (Fig. S2b). At higher drive power in Fig. S2a, a second feature appears at a lower 
frequency which could be assigned to a two photon processes driving the |0⟩ → |2⟩ transition. The 
difference in frequency of these two transitions allows us to determine the anharmonicity of the qubit to 
𝛼
ℎൗ = 2 ቀ
𝑓଴ଶ
2ൗ − 𝑓଴ଵቁ  ≈  − 180 MHz. While for superconducting transmon qubits the anharmonicity 
is defined by the charging energy (𝛼 ≈  𝐸஼) it has recently been found to be reduced in hybrid transmons 
with few-mode Josephson junctions (𝛼 <  𝐸஼).42 Assuming a Fermi wavelength of 𝜆ி ≈ 31nm deduced 
previously from in situ prepared Nb-(Bi0.06Sb0.94)2Te3-Nb Josephson junctions9, the number of ballistic 
modes in our junction could be estimated to ቔ2𝑊 𝜆ிൗ ቕ  ≈ 7 which would be consistent with this 
observation. Measuring qubit devices on future chips that have either electrostatic gate or magnetic flux 
dependence would help rule out other origins for the observed spectroscopic response such as spurious 
modes. 
  
 
Figure S2: Two-tone spectroscopy of a TI transmon qubit (JJ geometry: W ≈ 119.5 nm, L ≈ 90.5 nm). a) Using 
an external microwave source and a VNA, we measure the power dependent two tone spectroscopy of the qubit. 
The two peaks could be assigned to two transitions, namely 𝐸|0⟩→|1⟩  and a two-photon peak 𝐸|0⟩→|2⟩ . A single 
trace taken at -12 dBm (vertical dashed line) indicates the energy separation of the peaks. b) Using pulsed drive 
tones, we take a close-up measurement of the 𝐸|0⟩→|1⟩  transition at -32 dBm. For this measurement, we demodulate 
the signal and measure the response VH. The full width at half maximum of a lorentzian fit can be used to give an 
estimate of the coherence time 𝑇ଶ∗ ≈ 9ns. 
